Signal evolution can be constrained by genetic covariation between signal and other fitness traits (Brodie III 1992; Price and Burley 1993; Sinervo et al. 2000) . Therefore, to understand why variation in maximal signal expression can be maintained despite directional phenotypic selection, it is critical to study the patterns of genetic variation and covariation underlying those traits. In aposematic animals, where individuals communicate their defenses to predators via warning signals, selection by predators is assumed to select for conspicuous (e.g., Gittleman and Harvey 1980; Roper and Redston 1987; Alatalo and Mappes 1996; Gamberale-Stille and Tullberg 1999; Lindström et al. 1999; Lindstedt et al. 2008 ) and uniform (see e.g., Mallet and Barton 1989; Joron and Mallet 1998; Kapan 2001; Beatty et al. 2004; Rowland et al. 2007 ) warning signals. Signal conspicuousness ensures that the prey is recognized and learned quickly by a predator that has had previous bad experiences with it, and that the attack stops before the prey is lethally injured. Despite this expectation, there are many aposematic species that show considerable within species variation in signal expression (Bezzerides et al. 2007; Ojala et al. 2007) or even stable local polymorphism (Brakefield 1985; Mallet 1986; Williams 2007; Nokelainen et al. 2013; Rojas and Endler 2013) .
New avenues of research have recently opened to explain the maintenance of this variation . These go beyond mere predator-prey interaction, taking into account the physiological costs of warning signal production in different environmental conditions (e.g., Grill and Moore 1998; Bezzerides et al. 2007; Ojala et al. 2007; Sandre et al. 2007; Lindstedt et al. 2010a ) as well as multiple selection pressures on signaling and nonsignaling functions of coloration (Brakefield 1985; Maan and Cummings 2008; Lindstedt et al. 2009; Friman et al. 2009; Nokelainen et al. 2012 Nokelainen et al. , 2013 . At the same time, knowledge about the genetic architecture underlying wing patterning in many aposematic Lepidoptera species has helped to identify the genetic changes driving variation in warning coloration (e.g., The Heliconius Genome Consortium and Jiggins 2012; Supple et al. 2013; Welch and Jiggins 2014) . However, to be able to predict evolutionary response of warning signal traits to selection, we also need information about the inheritance of warning signal traits and how they correlate genetically with other morphological and life-history traits.
Negative genetic correlations among color and life-history traits can maintain additive genetic variation in fitness: for example, in Poecilia reticulata guppy males, negative genetic correlation between color traits and ejaculate size maintains continuous variation in sexual ornamentation (Evans 2010) . In some cases, like in side blotch lizards (Uta stansburiana) (Sinervo et al. 2000; Svensson et al. 2001 ) and the garter snakes (Thamnopsis ordinoides) (Brodie III 1989) , genetic correlations among life-history, color, and behavioral traits have led to the maintenance of color polymorphism, when coupled with correlated selection. Among aposematic species, phenotypic trade-offs have been shown between life-history traits and signal expression (Grill and Moore 1998; Ojala et al. 2007; Friman et al. 2009; Nokelainen et al. 2013 ), but much less effort has been put into understanding genetic correlations between warning signal and fitness traits (but see Holloway et al. 1995; Lindstedt et al. 2009 for inheritance of signal traits).
Genetic correlations can also be formed among different pattern elements of adaptive coloration. This can result tight, independently evolving units that reflect either common developmental origin (e.g., eyespots in the wings of Bicyclus anyana butterfly) or functional coadaptation (e.g., wing melanin patterns and thermoregulation in Pieris occidentalis butterflies) or both (Kingsolver and Wiernasz 1991; Monteiro et al. 1994 Monteiro et al. , 1997 . Due to developmental organization and strong genetic correlations, changes in the selection pressures on one of these correlated traits have been shown to cause indirect responses in other correlated traits constraining evolutionary change within these "color pattern units" within one life stage (i.e., adult butterfly) (Kingsolver and Wiernasz 1991; Brakefield and French 1999) .
However, many species undergo more than one life-stage during their development, and the fitness of an individual as an adult is always dependent on the fitness of its earlier life stages (Grill and Moore 1998; Lindstedt et al. 2010a; Nokelainen et al. 2013) . Furthermore, it is not known how larval and adult defensive coloration covary genetically. Many aposematic insects and vertebrates express bright warning coloration at the between both larval and adult life stages (Marples et al. 1994; GamberaleStille and Tullberg 1999; Beltran et al. 2007; Lindstedt et al. 2008 Lindstedt et al. , 2011 Nokelainen et al. 2012; Umbers and Mappes 2015) . If color elements of larval and adult warning coloration are genetically correlated, variation expressed in adult coloration could be maintained not only via direct responses to selection on color traits in adults but also through indirect responses of selection on larval coloration and vice versa. Depending on the direction of the genetic correlations between warning signal traits across life stages, this could either enhance or constrain the evolutionary responses to phenotypic selection.
The aposematic wood tiger moth (Arctia plantaginis, formerly Parasemia plantaginis Rönkä et al. 2016 ) is a model system to study various aspects of warning coloration (e.g., Lindstedt et al. 2009; Nokelainen et al. 2012; Hegna et al. 2013; Nokelainen et al. 2014; Galarza et al. 2015) . Both larvae and adults of this species display locally and geographically diverse warning signals. Adult male hind wing coloration is sex-linked, resulting in a polymorphic white or yellow/orange wing pigmentation Galarza et al. unpubl. ms) and the warning coloration of larvae ) and females (Lindstedt et al. 2010a (Lindstedt et al. , 2011 varies continuously (Fig. 1) . Based on previous studies, the size of the orange patch on the otherwise black and hairy body of the larvae is known to be highly heritable (Lindstedt et al. 2009, see below) . The black coloration is based on eumelanin pigments and the orange hairs of the larvae contain both eumelanin pigments and traces of flavonoids (Lindstedt et al. 2010b ). The bright orange to red color seen in the hindwings of adult females is mainly composed of erythropterins and black patterns are eumelanin (Burdfield-Steel et al., unpubl. ms) .
Variation in coloration in wood tiger moths is partly explained by varying selective environments. Predator-prey assays in the laboratory suggest directional selection for conspicuous warning signals of larvae, as birds hesitate longer before attacking larvae with large orange patch in comparison to larvae with small orange patch (i.e., more melanic ones) (Lindstedt et al. 2008) (Fig. 1) . In contrast, the more melanic larvae have better defense against pathogenic bacteria (Friman et al. 2009 ), and they are more efficient in thermoregulation ) than larvae with larger orange warning signals. Selection by predators favors adult females with a higher intensity of red over those with more yellow/orange coloration in their hindwings (Lindstedt et al. 2011 ), (Fig. 1.) . Adult females grown on larval diets with a high content of defense chemicals have less efficient warning coloration (i.e., more orange than red) in their wings, and they produce fewer offspring due to increased detoxification costs (Lindstedt et al. 2010a ). Therefore, the conditions experienced as a larva can induce phenotypic variation in the signal efficacy and life-history traits of adults. However, to be able to make predictions about the rate and direction of evolutionary responses of signal traits in all the relevant life stages, we need to reach further and study the potential genetic and phenotypic trade-offs within and between the life stages in signal and life-history traits. The continuous genetic variation in coloration of both larvae and females of A. plantaginis offers a unique possibility to test fitness correlates over multiple life-history stages.
In order to identify potential sources of variation in signal expression, we examined the genetic and maternal covariance between (a) the signal traits of larvae (size of the orange patch) and adult females (intensity of red coloration), (b) the signal and key life-history traits, and (c) the signal and reproductive traits. We used a linear REML-animal model to analyze the pedigrees of 12 generations, that included the information on 11,742 individual's signal types as a larva and adults and both life-history traits (development time, pupa mass) and reproductive traits (number of eggs and number of hatched offspring female produced). We assumed that phenotypic and genetic variation expressed both in larval (Ojala et al. 2007; Lindstedt et al. 2009 ) and adult coloration (Lindstedt et al. 2010 ) could be maintained if there is negative genetic correlation between the expression of efficient warning signals and life-history traits and/or if there is negative genetic correlation between the signal efficiency of larval and adult life stages.
Methods

STUDY ORGANISM
The larvae of the Arctiid moth A. plantaginis (Arctiidae) are polyphagous and feed on numerous herbaceous and arborescent plant species (Ojala et al. 2005 ). The coloration of both larvae and adults ( Fig. 1 ) varies, which is typical for Arctiid moths (Fisher and Ford 1947; Brakefield and Liebert 1985; Fields and McNeil 1988) . Arctiid moths are also generally known to sequester plant's defense chemicals and use them for their own defense (Weller et al. 1999; Lindstedt et al. 2010a; Reudler-Talsma et al. 2015) . Arctia plantaginis moths can also synthetize pyrazines de novo, which protects them effectively against avian predators (Burdfield-Steel et al., unpubl. ms).
The larvae are hairy and have moderately conspicuous coloration comprised of an orange patch on an otherwise black body. The size of this orange patch varies continuously both phenotypically and genetically (Ojala et al. 2007; Lindstedt et al. 2009 ). Larvae produce the orange patch by depositing eumelanin and traces of diet derived flavonoids in their hairs (Lindstedt et al. 2010b) . The black color is based purely on higher concentrations of eumelanin (Lindstedt et al. 2010b ). The larvae have 5-7 instars, the first two of which are cryptically colored; orange-black coloration develops at the third instar (Ojala et al. 2007 ). Arctiid moths are capital breeders, that is the adults do not feed, making the larval diet critical for the fitness of adults. The adults are diurnal and also conspicuously colored: males are either black and white or black and yellow and females are usually black and white with red-to-orange body and hind wings (Fig. 1) . The coloration of the body and hind wings of females varies continuously from orange/yellow to red (Lindstedt et al. 2010a (Lindstedt et al. , 2011 and pigmentation in females has recently been shown to be based mainly on erythropterins (Burdfield-Steel et al., unpubl. ms) .
In Finland, this species usually has one generation per year and typically overwinters as 3rd-4th instar larva. In laboratory conditions A. plantaginis can produce two generations per year and the second generation overwinters.
PEDIGREES
The pedigrees of A. plantaginis include 12 generations from the laboratory stock that was established in 2003 from wild caught copulated females collected from different localities in Central Finland (N = 15) andÅland (N = 5) and supplemented annually with wild individuals caught from the nearby regions of Central Finland. During the following two generations, 30-50 breeding adults were reared in each generation and the effective population size was kept as large as possible to maintain genetic variation. After two generations, the lab stock was divided to upward and downward selection lines for divergent phenotypes of larval color (i.e., the large and small orange signals) by applying a truncated family selection protocol to the stock (Lynch and Walsh 1998) . We selected both the individuals with large (number of segments with orange hairs in larva is 6 or more) and small signals (number of segments with orange hairs in larva is 4 or less) within the family. After selection, we crossed the individuals exceeding the threshold value of selected signal sizes within the selection lines in the following generations. The pedigrees used in the analyses include individuals from both before and after the establishment of selection lines (starting from the first lab generation). It is possible that artificial selection for the larval signal size could affect the structure of genetic correlations across life stages. Nevertheless, animal model takes into account the selection and results refer to the genetic variation in the base population. In addition, similar genetic correlations can be found from the unselected A. plantaginis populations (Gordon et al., unpubl. ms) .
The lab stock was reared in laboratory conditions (25ºC) in a greenhouse at the University of Jyväskylä in Central Finland. Adults were mated randomly within lines by putting one male and one female into separate plastic box. Females laid eggs in the box and, 14 days after hatching, we randomly chose up to 60 still cryptically colored larvae per family and divided them into separate plastic boxes for further rearing, 20 larvae per box. To get individual information, 10-40 larvae per family, depending on the generation, were moved to petri dishes to be reared individually when they reached their second last or last instar. During the rearing, larvae were fed with a mixed diet of lettuce and dandelion (Taraxacum sp.) leaves. For the hibernating generation, willow leaves (Salix sp.) were offered as an additional food before the wintering period.
We have collected the following information from all of the individuals (n = 11,742): development time (days), pupal weight (mg), the number of eggs produced, the number of brood offspring, warning signal size in the last instar, and coloration as an adult. Larval coloration was measured from the last instar as the number of segments including orange hairs. Since larvae always have 13 body segments, this measure estimates the proportional size of the orange patch on the larval body ). The hindwing color of the females was categorized by human eye on a scale from 1 to 6, 1-being the most yellow, 3-4 orange and 5-6 the most red (Fig. 1) . The match between "By-eye" categorization and reflectance was confirmed with spectrophotometer measurements (Lindstedt et al. 2010a ) and birds' ability to discriminate colors was confirmed by an analysis with the avian vision model (Lindstedt et al. 2011) .
STATISTICAL ANALYSES
Development time was ln-transformed to achieve a distribution closer to normal. The statistical relevance of fixed effects was initially studied with univariate general linear models (GLM) in SPSS (version 20.0), excluding all random effects except for the residual. The only fixed effect included in the subsequent analysis for all the traits was generation of the selection lines. In addition, sex was included for the analysis of larval signal size and development time. Analysis for reproductive output and adult coloration included only females. The variance components were estimated by using REML-animal model implemented in ASReml 3.0-software (VSN international Ltd., Hemel Hempstead, UK). In complex pedigrees this method is powerful for estimating additive genetic variance and genetic correlations. It utilizes all the information from the pedigree, takes selection into account and, under the infinitesimal model, gives unbiased estimates of the (co)variance components in the base population (e.g., Henderson 1976; Lynch and Walsh 1998) .
To analyze the quantitative genetic parameters, a standard linear animal model was used:
In which, y is the vector of phenotypic records; b is the vector of fixed effects; a is the vector of direct additive genetic effects; c is the vector of common-family effect; and e is the vector of residuals including dominance variance. Common-family effect in the present analysis represents all genetic and nongenetic maternal effects as well as strictly environmental effects common to the brood. Fixed and random effects are fitted to individual records by incidence matrices X, Z 1 , and Z 2. The statistical significance of variance components was assessed with a Log Likelihood ratio test by dropping out alternately each random effect and comparing the Log Likelihood of the restricted model to full model. Heritabilities and common-family effects are reported from the univariate models.
Genetic correlations were estimated with a six trait model fitting all the traits simultaneously. The significance of the covariances was assessed by performing a Log Likelihood ratio test between a full model and model in which covariance in question was constrained to zero.
Results
GENETIC CORRELATION OF WARNING SIGNAL EXPRESSION ACROSS LIFESTAGES
Both larval orange warning signal size and the intensity of red in female warning coloration were significantly heritable (Table 1) . Interestingly, there was a significant negative genetic correlation between the efficiency of warning coloration in larvae and adult females (rg = -0.20, ± 0.06 SE), implying that larvae with large orange warning signals develop less red (i.e., more orange) wing coloration as adult females (Fig. 1 , full statistics and model comparisons for all the genetic and phenotypic correlations reported in Table 2 ).
WARNING SIGNAL EFFICIENCY AND LIFE-HISTORY
TRAITS
All the life-history traits measured were heritable (Table 1) . Larval orange signal size and the reproductive output of females (rg = 0.48 ± 0.20 for eggs, rg = 0.29 ± 0.12 for offspring number) were significantly genetically positively correlated (Table 2) . In general, individuals that took longer to develop (irrespective of the larval signal size) produced more eggs due to positive genetic correlation (rg = 0.60, ± 0.29 SE, Table 2 ). However, development time and pupa mass did not correlate significantly genetically with the size of the orange signal in larvae (Table 2 ). There were no significant genetic correlations between the warning signal efficacy of adult females and the life-history traits measured (Table 2) .
Discussion
Increasing our knowledge of the multiple selection pressures acting on warning signal expression has helped us to determine how high diversity in warning signal expression is maintained at the phenotypic level (Grill and Moore 1998; Maan and Cummings 2008; Friman et al. 2009; Lindstedt et al. 2009; Nokelainen et al. 2012; Valkonen et al. 2012; Nokelainen et al. 2013; Mappes et al. 2014; Nokelainen et al. 2014; Gordon et al. 2015) . However, to predict the evolutionary responses of warning signal traits from one generation to the next, we need information on the inheritance of these traits and how they are genetically correlated with other fitness traits, as these genetic correlations can either enhance or constrain the rate and direction of short-term evolutionary changes. Here, we show that the heritability of the efficient warning signal (large orange patch as a larva and red color as an adult female) in A. plantaginis is high. This combined with the absence of genetic life-history constraints for the maximal signal expression (i.e., there is a positive genetic correlation between the signal efficacy of larvae and reproductive output), should allow for rapid response to the directional selection imposed by predators (Lindstedt et al. 2008 (Lindstedt et al. , 2011 and select for a large warning signal as a larvae and red coloration as an adult. However, the negative genetic correlation between the efficient adult female warning coloration and efficient larval warning coloration could preserve additive genetic variation in signal expression, offering an interesting and novel explanation for why the continuous genetic variation in warning color is maintained among larvae and females in A. plantaginis populations.
The magnitude of the trade-off between larval and female warning signal efficiency can be strongly dependent on the spatial and temporal variation in the direction and strength of selection. Previous studies have shown that warning coloration of larvae and adults of A. plantaginis are under multiple selection pressures, as predation favors an increase in size and conspicuousness of brightly colored pattern elements (Lindstedt et al. 2008 (Lindstedt et al. , 2011 Nokelainen et al. 2012 ) while thermoregulation Hegna et al. 2013 ) and defense against pathogens (Friman et al. 2009; Zhang et al. 2012 ) favors more melanic coloration with less conspicuous, and smaller sized, bright patterns. In addition, the strength and direction of selection on the warning signal traits can vary both spatially (Lindstedt et al. 2011; Nokelainen et al. 2014; Gordon et al. 2015) and seasonally ) in nature. Together these different selection pressures could form a geographic mosaic of selection favoring different trait combinations across different life stages and maintain additive variation in signal traits (Gordon et al. 2015) .
The specific developmental or molecular mechanisms behind the genetic correlations among color and life-history traits in A. plantaginis are at present unknown. However, pleiotropic effects of genes influencing the regulation of hormones on color, physiology and life-history traits (Nijhout and Emlen 1998; Svensson et al. 2001; Flatt et al. 2005; Schroderus et al. 2010 ) could potentially play a key role. For example, juvenile hormone (JH) has been shown to have a wide impact on the phenotype of many insect species and it has suggested to be one of the major determinants of pleiotropy, life history correlations and trade-offs throughout the life cycle of an insect (Dingle and Winchell 1997; Gade et al. 1997; Flatt et al. 2005) . It has also shown to have effects on insect coloration at both larval and adult life stages, and induce changes in the expression of regulatory genes that code pigment synthesis Genetic (rg) and environmental correlations (rc) were estimated from the pedigree data with a six trait model fitting all the life-history and/or signal traits simultaneously. in life stage-specific switches in adaptive color patterns in Papilio xuthus-butterfly caterpillars (Futahashi and Fujiwara 2005, 2008) . Considering its multiple phenotypic effects on life-history traits and regulation of pigmentation in insects across life stages, juvenile hormones may offer one potential developmental mechanism for the genetic correlations we observed in A. plantaginis moths. However, this hypothesis needs to be experimentally tested. In contrast to many studies on the costs of bright color signals in vertebrates (e.g., Endler 1980; Hill and Montgomerie 1994; Grether et al. 2001; Hill et al. 2002; Boratynski et al. 2014) , our study, along with the others (Saffranek and Riddiford 1975; Windig 1999; Talloen et al. 2004; Stoehr 2006; Ojala et al. 2007; Ma et al. 2008) , further emphasizes that melanin-based black patterns can be more costly to produce for herbivorous insect species than bright pigment-based colors. In our data, A. plantaginis individuals that were less melanic as a larva, had a higher reproductive output as an adult due to positive genetic correlation. Female coloration did not correlate significantly with reproductive output, measured here as offspring production following a single mating. Animals synthesize melanins and pterines de novo from the amino acid tyrosine (Sugumaran 2002) . As these resources are needed for other important physiological functions, such as immunological processes, the production of melanin pigments is likely to compete with other physiological traits (Stoehr 2006; Lee et al. 2008) . Furthermore, amino acids are often scarce in plants and therefore the limiting nutrient for herbivores (Mattson 1980; Morehouse and Rutowski 2010) . Protein scarcity in diet has also been shown to induce phenotypic variation in immunological traits and melanin-based coloration in Spodoptera littoralis moths (Lee et al. 2008 ). In A. plantaginis, both larval coloration (mainly based on different concentrations of eumelanin) and female coloration (black is eumelanin and red-orange is erythropterines) are dependent on the amino acid content of the diet. Therefore, it is possible that under limited resources, the reproductive effort of more melanic individuals, with more costly pigmentation, has been constrained: influencing the structure of genetic covariance among these traits.
As both larval signal size and development time are heritable and phenotypically correlated, it is tempting to speculate that the two extremes of larval signal types may represent two different strategies that could be regulated via maternal effects (Schneiderman and Horwitsz 1958; Beach 1978; Mousseau and Dingle 1991) . Arctia plantaginis hibernates as larvae and they only have one generation during the growing season in the Northern Europe. As melanic larvae are probably better protected against the challenges of the wintering period (better adapted to cold ) and more resistant to disease (Friman et al. 2009 )) or colder growing season ), the shorter development time of more melanic larvae, and better warning signal efficacy as a female could ensure the completion of the generation during one growing season. On the other hand, in southern populations with a warmer and longer growing season, less melanic larvae with longer development times but with more efficient warning signals and higher reproductive output could be favored (see also e.g., Hazel 2002) . As the larval stage is much longer (approx. 11 months) compared to the adult stage (approx. 2-3 weeks), selection for the larval coloration might even be stronger than for the adult female coloration (see also Lindstedt et al. 2011) . If pigment synthesis at both the larval stage and metamorphosis are regulated by the same genes, the production of red females may just be a by-product of stronger selection for the melanism in larvae in colder climates and habitats or under high risk of pathogens.
Several studies show that the conditions experienced at younger life stages, can have effects on warning signal efficacy in adults (e.g., Grill and Moore 1998; Talloen et al. 2004; Davis et al. 2005; Lindstedt et al. 2010a; Blount et al. 2012 ). However, our study brings a novel and interesting perspective for life-history studies by showing that negative genetic correlations between larval and adult life stages may play a role in the evolution of warning coloration, maintaining additive genetic variation in color expression. Further information on the developmental and molecular mechanisms behind the color pigment production between different life stages is needed to understand whether our finding is part of a more general phenomenon, which could have broad significance on how we understand the maintenance of diversity in intra-and interspecific signaling and evolution of protective coloration. More broadly, our results emphasize the importance of taking into account the whole life-history of an animal, and the various selection pressures over the different developmental stages, when investigating signal evolution. 
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